When cells of Saccharomyces cerevisiae growing exponentially on D-gluCOSe as sole carbon source were washed and transferred to buffered yeast nitrogen base containing 100 mM-acetate, they were unable to resume growth for several days whereas they adapted within a few hours to grow (slowly) on ethanol, and within 12 h to grow on pyruvate. After the cell transfer, oxygen consumption and ATP concentration decreased rapidly but recovered within a few hours on ethanol, more slowly on pyruvate, and only after 70 h on acetate. When the acetate culture had lost all detectable ATP, the viable cell titre slowly decreased until after 70 h enough cells had adapted to resume growth. At lower acetate concentrations (optimally 5 to 15 mM), ATP decreased less, and growth resumed within 1 d. After transfer from glucose medium to buffer plus a carbon source, cells sporulated equally well at ethanol concentrations from 20 to 150 mM and at pH 5 . 5 or 7.0; with dihydroxyacetone, another uncharged carbon source, sporulation was optimal at concentrations between 30 and 50 mM and about equal at pH 5 -5 and 7.0. In contrast, after transfer from glucose medium to buffer plus acetate, cells sporulated at pH 5.5 optimally with 15 mMacetate but not with 50 mM-acetate or more; at pH 7.0 sporulation showed a broader optimum of acetate concentration around 50 mM. The results indicated that in cells not adapted to gluconeogenesis, high concentrations of neutral acetic acid molecules caused complete consumption of intracellular ATP; consequently the cells could not adapt to gluconeogenesis for a long time.
I N T R O D U C T I O N
Wild-type strains of Saccharomyces cerevisiae can grow on acetate, ethanol, D-gluCOSe and other compounds as sole carbon source. In a glucose-containing growth medium, they undergo diauxic growth (Maxon & Johnson, 1953; Polakis & Bartley, 1965; Haarasilta & Oura, 1975) . Initially, cells grow at a high rate on glucose, and ethanol, acetaldehyde (which evaporates) and acetate accumulate in the medium. When most of the glucose has been used up, they enter a stationary phase during which they adapt to use the products of sugar metabolism. A few hours later, they resume growth at a low rate. During the adaptation a number of previously repressed gluconeogenic enzymes are synthesized, e.g. isocitrate lyase, malate synthase, one of the two malate dehydrogenases, phosphoenolpyruvate carboxykinase and fructose-bisphosphatase (Polakis & Bartley, 1965; Duntze et al., 1967; Haarasilta & Oura, 1975) . Because ethanol has to be metabolized to acetate before it can be used as a gluconeogenic carbon source, one might expect that cells growing exponentially on glucose would adapt at least as rapidly after transfer to a growth medium containing (100 mM) acetate as to one containing ethanol as sole carbon source. In fact, cells need many more days to adapt to acetate than to ethanol. In this paper we explain this phen-omenon by showing that ethanol maintains the energization (ATP) of the cell whereas acetate (at high concentrations) destroys it.
The same problem of adapting to acetate as carbon source is encountered during yeast sporulation. When diploid cells of S. cerevisiae are transferred from a growth medium containing acetate (but no glucose) to 100 mM-pOtaSSium acetate as sporulation medium, they soon enter meiosis and sporulate within 20 h (Roth & Halvorson, 1969; Fast, 1973) . But if cells growing exponentially in a glucose-containing medium are washed and transferred to potassium acetate, it takes several days before some sporulate. To obtain good sporulation using glucose media, cells are therefore transferred to potassium acetate only after they have used up all glucose (Croes, 1967; Fast, 1973) . Apparently, yeast can readily sporulate on acetate only if the cells are already adapted to use it as carbon source for energy generation and for gluconeogenesis. As mentioned above, the adaptation of glucose-grown cells to acetate is delayed by the destruction of the remaining metabolic energy (ATP) by reaction with acetate. This. delay should be reduced if fewer acetate molecules entered the cells. Therefore, we have examined the ability of glucose-grown cells to sporulate after cell transfer to different concentrations of acetate, ethanol or dihydroxyacetone in buffer at different pH values. A change of pH should significantly change the concentration of neutral acetic acid molecules (the species which preferentially enters cells), whereas it should not affect the concentration of the neutral ethanol or dihydroxyacetone molecules. Dihydroxyacetone was used for comparison because it is slowly metabolized, supports sporulation (Miller, 1957; Miller & Hoffmann-Ostenhof, 1964 ) and has to be phosphorylated (just as acetate has to be converted to acetyl-CoA) before it can be used as a metabolite in the Embden-Meyerhof pathway. Growth conditions. Cells were inoculated into MN + 100 mM carbon sources, such as glucose, fructose, potassium pyruvate, potassium acetate, ethanol, dihydroxyacetone, etc., to give an A,, of 0.1. After 8 h at 30 OC the cells were collected on a membrane filter (0.45 pm pore size), washed twice with the same medium and suspended to an A600 of 0.05, with the exception of the cultures containing glucose and fructose in which cells were suspended to an A600 of 0.001. After 16 h at 30 OC the cells were again collected on a membrane filter, washed twice and suspended to an A600 of 0.1 in the same medium. Growth was then followed by measuring the A600 in a Zeiss PMQII spectrophotometer; where necessary, the sample was diluted in water to obtain an A,, of less than 0.8. At stated times, samples were taken to count the number of cells ml-' and the frequency of asci (using a phase-contrast microscope). In determining the number of asci per cell, 400 to 1000 cells (buds included as cells) were evaluated for each sample. The viable cell titre was measured by diluting the culture in water and plating on YEP + glucose.
Sporulation conditions. Cells were grown in MN + 100 mM-glucose to an A,, of 1. They were collected on a membrane filter (0.45 pm pore size), washed twice with 0.5 vol. buffer [MES, pH 5.5, or N-tris(hydroxymethyl)methyl-2-aminoethanesulphonate (TES), adjusted to pH 7.0 by KOH] and suspended in double-strength buffer. Samples ( 5 ml) were distributed into 125 ml prewarmed flasks to which the compound to be tested or distilled water had been added in 5 ml. The time of cell distribution was taken as time 0. At stated times, the frequency of asci was determined as described above.
Preparation of extracts for enzyme assays. Cells were grown in 500 ml MN + 100 mM carbon source to an A600 of 1, harvested by centrifuging and washed twice with ice-cold extraction buffer (50 mM-Tris/HCI, 1 mM-EDTA, pH 7.4). They were suspended in twice their volume of extraction buffer (final vol. 2 to 4 ml) and ruptured by two passages through an ice-cold French press at 125 MPa (18 000 Ibf in-'). The homogenate was centrifuged at 20000 g for 10 min to remove unbroken cells and cell debris. Part of the supernatant solution was frozen in solid CO, and kept at -70 OC; another part was used immediately to measure alcohol dehydrogenase and acetyl-CoA synthetase activities.
pH 5 -5 by KOH.
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Enzyme assays. Fructose bisphosphatase (EC 3 . 1 . 3 . 1 1) was measured according to Foy & Bhattacharjee (1977) except that 0.5 mM-NADP+ was used. Pyruvate kinase (EC 2.7.1.40) was measured according to Aust & Suelter (1978) except that 5 mM-ADP and 0.2 mM-NADH were used. Phosphoenolpyruvate carboxykinase (ATP) (EC 4.1.1.49) was measured according to Hansen et al. (1976) , malate dehydrogenase (EC 1.1.1.37) according to Ferguson et al. (1967) , isocitrate lyase (EC 4.1.3.1) according to Dixon & Kornberg (1959) , and alcohol dehydrogenase (EC 1.1.1.1) according to Racker (1950) .
Malate synthase (EC 4.1.3.2) was measured according to Dixon & Kornberg (1959) . The mixture contained 100 mM-Tris/HCI buffer, pH 8.0, 2.5 mM-MgCl,, 0.2 mM-acetyl-CoA, and 0.5 mM-sodium glyoxylate; the reaction was followed at 232 nm. Acetyl-CoA synthetase (EC 6.2.1.1) was measured as described by Berg (1956), except that the reaction mixture contained 10 mM-MgC1, and 20 mM-potassium acetate, and the incubation time was 15 min.
Aldehyde dehydrogenase (NAD(P)+) (EC 1.2.1 .5) was determined essentially as described by Bostian & Betts (1978) . The reaction mixture contained 100 mM-Tris/HCI buffer, pH 8.3, 5 mM-glutathione, 2 mM-NAD+, 1 mw-acetaldehyde and 1 mM-KCN to prevent NADH oxidation by the crude extract.
Pyruvate carboxylase (EC 6 . 4 . 1 . 1 ) was measured essentially as described by Ruiz-Amil et al. (1965) and Diesterhaft & Freese (1973). The reaction mixture contained 100 mM-Tris/HCI buffer, pH 7.6, 20 ~M -K H~~C O , (0.05 p c i pmol-I), 10 mM-ATP, 10 mM-MgCI,, 0.1 mM-acetyl-CoA, 20 mM-sodium glutamate, 10 mMpotassium pyruvate and 6 U ml-I glutamate-oxaloacetate transaminase (Boehringer). The reaction was started by. addition of potassium pyruvate. After 20 s, 2 min and 5 min, 0.2 ml of this reaction mixture was mixed with 0.1 ml concentrated HCI and left standing at room temperature for at least 20 min. The samples were then centrifuged for 10 min at 4000 g and 0-1 ml of each supernatant was placed in a scintillation vial. After drying with a stream of CO,, 0-5 ml water and then 10 ml Aquasol (New England Nuclear) were added. The radioactivity of the mixture was counted in a scintillation counter.
All specific activities were expressed as nmol min-' (mg protein)-'. Preparation of extracts for ATP measurement. ATP was extracted in two ways.
(1) 0.5 ml culture was pipetted into 0.5 ml ice-cold 0.5 M-formic acid containing 2 mM-EDTA. After mixing and standing on ice for 60 min, the samples were frozen in solid COz and kept at -70 OC.
(2) 20 ml culture was rapidly filtered through a Millipore filter (1.2 pm pore size, type RA). The filter membrane was placed upside down on 0-5 ml ice-cold 0.5 M-formic acid containing 2 mM-EDTA held in the cap of a centrifuge tube. After mixing and standing on ice for 60min, the extract was centrifuged at low speed and kept frozen until used. ATP measurements were made with the luciferin-luciferase test method as described by Levin & Freese (1977) .
Other assays. Oxygen consumption was determined with an oxygen electrode (Gilson Instrument Co.) according to Kielley (1963) and Estabrook (1967) . Pyruvate was determined according to Friedemann & Hangen (1943) , acetate according to Holz & Bergmeyer (1974) , and ethanol according to Witt (1974) . To express the measured values per amount of cells, the dimensionless unit AM is used. One AM unit is that amount of cells which gives an A600 of 1 if it is suspended in 1 ml. Because A600 measures the turbidity of a culture, which depends on cell size and shape, AM is only approximately proportional to cell mass (or cell number).
RESULTS

Growth and enzyme repression in the presence of different carbon sources
Strain Y55 grew at a high rate in synthetic medium (MN) + 100 mM-glucose (Table 1) until the A600 was 7.5. Ethanol (maximally 160 mM) and later some acetate (maximally 20 mM) accumulated until all glucose had disappeared. Subsequently, both fermentation products were slowly consumed while the A600 increased slowly. Strain Y55 could also grow on acetate, ethanol, pyruvate and dihydroxyacetone with the doubling times shown in Table 1 .
We measured the activities of various gluconeogenic enzymes in Y55 cells that had been adapted to grow in MN + 100mM of the different carbon sources ( Table 2) . Of all the carbon sources used, only glucose and fructose strongly repressed the synthesis of aldehyde dehydrogenase, fructose-bisphosphatase, isocitrate lyase, malate synthase and phosphoenolpyruvate carboxykinase. Significantly, acetyl-CoA synthetase was not repressed by glucose, and alcohol dehydrogenase was only partially repressed. This agrees with the reported finding of three alcohol dehydrogenases, one of which is repressed by glucose (Ciriacy, 1975) .
Table 1. Doubling times and sporulation with different carbon sources
To measure the doubling time, strain Y55 was grown for more than 24 h in MN + 100 mM of stated carbon source (acids were adjusted to pH 5.5 by KOH); when necessary, to maintain an 4, of less than 1, the cells (collected on a membrane filter) were transferred to fresh medium. Pyruvate was used at 300 mM to avoid all sporulation. The doubling time with dihydroxyacetone plus 0.8 mM-Laspartate was 7.35 h.
To measure sporulation, strain Y55 was grown in MN + 100 mM-glucose to an Aaoo of 1, then washed with M, and transferred (to give an A600 of 1) to M plus 100 mM of the stated carbon source (pH 5.5). The percentage of asci was determined 24, 48 and 72 h after transfer. In all cultures, less than 0.2 % of the cells had asci after 24 h. 
Growth, ATP and 0 , consumption after transfer of cells growing exponentially in glucose to media containing dierent carbon sources
To measure the adaptation of glucose-grown cells to different carbon sources, strain Y55 was grown (with two transfers) in MN + 100 mM-gluCOSe to an of 1 (exponential growth), and then cells were thoroughly washed with MN on membrane filters and transferred to MN + 100 mM of different carbon sources. When the new carbon source was glucose or fructose, the cells grew rapidly and without lag. The results observed with acetate, ethanol and pyruvate are shown in Fig. 1 . In MN + 100 mM-aCetate ( Fig. 1 a, 2 a ) the A600 remained constant for 70 h and then increased. The intracellular concentration of ATP rapidly decreased from 0.8 to less than 0.2 nmol AM-' and continued to decrease for 10 h to immeasurably low values (less than 0.02 nmol AM-') where it remained for 40 h (Fig. 2c) . O2 consumption also decreased to a very low (but measurable) value where it remained (Fig. l a ) . When no more ATP could be detected the viable cell titre slowly decreased (Fig. 2b) . If the cells were not washed thoroughly, growth and 0, consumption (ATP was 1. Growth (A,,,) , not measured) were resumed earlier, presumably due to residual carbon sources that enabled the cells to adapt faster to grow on acetate. In control cultures without any carbon source the ATP concentration remained above 0.04 nmol AM-' for 48 h (Fig. 2c ), and more than 10% of the cells survived for 100 h (Fig. 2b) . These results show that the presence of acetate caused a rapid consumption of ATP without enabling its regeneration.
Strikingly different results were observed when the washed cells were transferred to MN + 100mM-ethanol (Fig. lb) . The A,,, began to increase within a few hours and the ATP concentration, which had decreased initially, increased again within less than 0.5 h. Thus, soon after cell transfer to ethanol the rate of ATP consumption was essentially equal to that of ATP regeneration. The rate of O2 consumption decreased, though not as much as in the acetate culture, and remained at a low value for about 4 h. The optimum ethanol concentration for restoration of growth (giving the shortest lag and the highest A,(), after 30 h) was about 100mM; with 50 and 250mM-ethanol A(,() . 2. Growth (As&, ) (a), survival (b) of ethanol were used, the cells behaved initially as if only ethanol was present: the ethanol concentration decreased while that of acetate remained constant. When all ethanol had been used up, the cells continued to grow on the acetate.
When cells were transferred from glucose medium to MN + 100 mM-pyruvate ( Fig. 1 c) 
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began to increase slowly. ATP did not increase above 0.2 nmol AM-' until 12 h later. When cells were transferred from glucose medium to MN + 100 mM-dihydroxyacetone, there was no increase in A600 and little 0, consumption (0.5 ymol min-' AM-') for 23 h. Cells did not grow or sporulate for at least 3 d after transfer to MN + 100 mM L-alanine, L-aspartate, glycerol (with or without L-aspartate), L-malate or succinate. Since the ATP pool disappeared when 100mM-acetate was present in the medium but not in its absence (Fig. 2c) , it was possible that a lower acetate concentration would allow ATP to be maintained longer so that cells had a better chance to adapt to grow on acetate. This was found to be true: at acetate concentrations of 5 , 10 (not shown) and 15 mM ( Fig.  2a, b) , cells resumed growth within 24 h and maintained a detectable ATP concentration throughout (shown for 15 mM-aCetate in Fig. 2 c) . At higher acetate concentrations growth resumed only much later as shown by an increase in turbidity ( Fig. 2a) as well as the viable cell titre (Fig. 2b) . As the normal rate of the A600 increase was reached only slowly, a small fraction of cells apparently adapted to use acetate efficiently. Until that occurred, a fraction of the cells died (Fig. 2b) . When the concentration of acetate was low, the A600 increase eventually stopped because acetate was used up (Fig. 2a) . When such adapted cells were transferred to MN + 100 mM-acetate they continued to multiply.
Sporulation after transfer from glucose medium to bufler plus dierent carbon sources
The time dependence of sporulation, observed after transfer of cells from MN + glucose to M (MES buffer, pH 5 -5 , without yeast nitrogen base). plus 100 mM of different carbon sources is shown in Table 1 . None of the cells sporulated within 24 h (in contrast to cells pregrown on acetate). As expected from the results of the growth experiments discussed above, cells sporulated earlier and more efficiently in the ethanol medium than in acetate medium. In pyruvate medium, cells sporulated later than in ethanol but earlier than in acetate. With dihydroxyacetone, cells sporulated slightly earlier than with pyruvate.
At pH 5 . 5 , about 15% of the acetate molecules in the medium are uncharged (pK of acetate = 4-76), whereas all ethanol and dihydroxyacetone molecules are uncharged. As cells probably do not have an active transport mechanism for the charged acetate molecules, uncharged acetic acid molecules should pass more readily through the phospholipid bilayer of the cell membrane than charged ones. As the above results on the growth lag demonstrated, high intracellular concentrations of molecules (e.g. acetate) that have to be activated (by a reaction using ATP) before they can be further metabolized cause a too rapid drain on ATP. Therefore, a lower concentration of such molecules (acetate, dihydroxyacetone) might allow earlier sporulation. For acetate, this effect could be achieved either by decreasing the acetate concentration or by increasing the pH (at pH 7-0, only 0.57% of the acetate molecules are uncharged). Figure 3 (a) shows that at pH 5.5 an intermediate acetate concentration (about 12 mM) allowed optimal sporulation (measured 48 h after cell transfer); at a higher pH (7.0) the optimal acetate concentration was higher (50 to 100 mM). The ratio of the optimal acetate concentrations at the two pH values is not as large as one would have expected from the ratio of the concentration of neutral molecules at these two pH values. This may reflect some ability of the charged acetate molecules to enter cells or a dependence of the intracellular pH on the extracellular pH, which influences acetate metabolism. To demonstrate that the charge of the acetate molecules played at least some role in the sporulation (adaptation) process, we also measured sporulation with the uncharged dihydroxyacetone; again an intermediate concentration (30 mM) was optimal for sporulation, but in this case the same concentration optimum was observed at pH 5 -5 and pH 7.0 (Fig. 3 b) . In contrast to these compounds, which have to be activated before they can be metabolized, . good sporulation was observed when glucose-grown cells were transferred to medium containing 20 to 150 mM-ethanol (Fig. 3c) . 
D I S C U S S I O N
Yeast cells transferred from a growth medium containing glucose to one containing 100 mM (or more) acetate as sole carbon source lost their intracellular ATP, showed a reduced ability to consume oxygen and required several days to adapt before they grew on acetate. Presumably, ATP was used (together with CoA) to convert acetate to acetyl-CoA which in turn reacted with other cell components, such as oxaloacetate (thereby regenerating CoA). But owing to the absence of one or more of the enzymes in the citric acid cycle and especially the glyoxylate shunt in glucose-grown cells (Polakis & Bartley, 1965; Duntze et al., 1967; Haarasilta & Oura, 1975) , oxaloacetate presumably could not be regenerated so that eventually not enough compounds were available to regenerate ATP (via the electron transport system). At lower acetate concentrations ATP was not consumed as rapidly so that with 15 mM-acetate or less, cells adapted to grow on acetate in less than 24 h.
When cells were transferred from a glucose to an ethanol growth medium, both oxygen consumption and ATP regeneration were soon restored (regardless of the presence of acetate) and they adapted to resume growth in less than 8 h. Ethanol can be oxidized by alcohol dehydrogenase to acetaldehyde, whereby NAD+ is reduced to NADH; as the continuing oxygen consumption indicates, the NADH can be reoxidized by the electron transport system which regenerates ATP. Although growth in glucose represses the synthesis of cytochromes (Gillham, 1978) , a sufficient amount of the ATP-regenerating system apparently was present in our glucose-grown cells. The balance between consumption and regeneration of ATP is quite precarious as can be seen by the transient decrease in ATP after transfer to the ethanol medium.
The growth response of cells transferred from glucose to pyruvate medium was intermediate between that for ethanol and acetate. Pyruvate can generate reducing compounds (NADH) via the citrate cycle, and it uses NADH for its conversion to ethanol. The combination of these reactions apparently works such that 100 mwpyruvate can regenerate sufficient ATP to allow a slow resumption of growth about 10 h after cell transfer.
After transfer of glucose-grown cells to MN + 100 mM-dihydroxyacetone, we observed no growth and no oxygen consumption for 23 h. But eventually the cells adapted to grow on dihydroxyacetone. The adaptation proceeded faster in the presence of glutamate or aspartate. Whereas other strains of S. cerevisiae apparently grow only on the combination of dihydroxyacetone and glutamate (Miller, 1963) or glycerol and aspartate (Vezinhet et a& 1979) , our strain (Y55) eventually grew with dihydroxyacetone alone almost as fast as with dihydroxyacetone plus aspartate ( Table 1) .
The results of sporulation in buffer plus a carbon source reflected the observations on growth. Cells sporulated well at different concentrations of ethanol, whereas they showed a sharp sporulation optimum at an intermediate concentration of acetate; this .optimum concentration increased with the pH probably because the concentration of uncharged acetic acid molecules, which can easily pass the cell membrane, decreased. The fact that cells sporulate optimally at an intermediate acetate concentration may reflect a metabolic conflict. For sporulation, cells need an external carbon source to produce metabolites and to regenerate ATP; however, too much acetate consumes all ATP before the cellular metabolism has adapted from the glucose-repressed to the gluconeogenic condition (requiring the synthesis of glyoxylate shunt and other enzymes). Earlier reports have frequently mentioned that cells sporulate on potassium acetate better at elevated pH values (Fowell, 1967) . As these cells were transferred to acetate towards the end of growth in a glucose medium, they may not have adapted sufficiently to gluconeogenesis. The pH effect may therefore have resulted from the need to keep the concentration of uncharged acetate molecules low enough so that ATP could be maintained for adaptation. In contrast, cells grown in a medium of yeast extract/peptone (YEP) plus acetate (i.e. without glucose) can sporulate almost equally well in 1 % acetate at different pH values between 5 4 and 7-0 (McCusker & Haber, 1977) . In this case the cells are completely adapted to metabolize acetate. We have confirmed that cells adapted to grow in MN + 100 mM-aCetate sporulate equally well in 100 mwacetate buffered at pH 5 . 5 or 7-0 (25 to 45 % asci 20 h after cell transfer).
Metabolism of dihydroxyacetone requires an ATP-dependent phosphorylation. However, the dihydroxyacetone phosphate or glyceraldehyde 3-phosphate product can then be metabolized via the Embden-Meyerhof pathway, producing ATP directly and alsb -indirectly via the electron transport system. As dihydroxyacetone is metabolized only slowly (doubling time 8-6 h, see Table l) , it seems to be inefficiently transported or phosphorylated.
For practical sporulation purposes, it would seem most desirable to grow cells in a medium in which all glyoxylate bypass and gluconeogenic enzymes are derepressed. One can use an acetate-containing growth medium, such as YEP + acetate proposed by Roth & Halvorson (1969) , or a medium containing the slowly metabolizable galactose emfiloyed by Miller (1957) and Fast (1973) . If glucose or fructose have to be used, one should grow cells long enough so that this carbon source has been consumed and the cells have completely adapted to the derived ethanol (Croes, 1967) . One could also transfer cells to a medium containing MN or YEP + ethanol to which they can adapt in a reasonable time. Ethanol has the advantage that its conversion to carbonate or C 0 2 does not change the pH. Glucosecontaining plates should be incubated long enough for the cells to have consumed all glucose and adapted to the derived ethanol before they are inoculated into acetate growth media; cells taken too early require a long time to adapt to acetate.
